This study deals with the effect of cross-sectional shape of yarn duct of interlacer on the performance of interlaced yarn and aims at finding the interlacers with better performance. The performance of the interlaced yarn is evaluated by the number and strength of tangles. Seven interlacers with different shapes of yarn duct were designed. Each of them has the same cross-sectional area of yarn duct. Experiments were carried out at various supplied air pressures, yarn speeds and feed ratios. We have found that the interlacer with round cross-sectional shape of yarn duct is capable of producing an interlaced yarn with a large number of tangles and the cornered cross-sectional shape is effective in improving the strength of tangles. Among these seven interlacers, the interlacer with an elliptical or an inverse-triangular shape has the best processing performance. And the interlacer with a square cross-sectional shape has the worst processing performance.
Introduction
There are three methods to improve the cohesion between filaments of chemical fiber: sizing, twisting and interlacing. Cost of sizing is high and the process of removing sizing is not environmental-friendly. Efficiency of twisting process is low. Interlacing can improve cohesion between filaments, preventing yarn from fluffiness by generating tangling and opening parts under the action of compressed air without sizing and twisting. Du Pont proposed the first paper about interlacing process in 1961 [1] . From then on, many researches on interlacing were carried out [2−7] . They focused mainly on two aspects: shape and size of interlacers, and processing parameters, such as supplied air pressure, yarn speed and feed ratio. In most of these researches, the cross-sectional shape of yarn duct was circle. Some patents [5, 6] designed non-circular yarn duct shapes but there were no detailed comparison in these shapes. Furthermore, these non-circular yarn ducts were not made precisely because of limitations of manufacturing technology, thus experimental results were less accurate. Actually, cross-sectional shape of yarn duct affected the airflow kinematics and filament motion inside a yarn duct, thus the properties of interlaced yarn are strongly affected. Now, with the development of manufacturing technique, we can easily and directly get many cross-sectional shapes of yarn duct.
In this study, we designed seven interlacers, which have different cross-sectional shapes of yarn duct with the same cross-sectional area, on the basis of the results of the previous study [7] that aimed at finding the interlacer which can produce a large number of tangling parts in an interlaced yarn. Then, we make clear the relations between cross-sectional shape of yarn duct and the properties of interlaced yarn.
Experiments

1 Tested material and experimental apparatus
Raw yarn made of polyester multi-filament, 16.7 tex/48 filaments was used as a tested material. Figure 1 shows the experimental apparatus. Yarn is released from a bobbin q and passes through a ring-tenser w which can adjust an initial yarn tension. A tension pickup e measures the initial yarn tension. After a feed roller r, the yarn is interlaced in an interlacer t under the action of compressed air from a compressor y. Then the interlaced yarn passes through a delivery roller u and is wound with a take-up roller i. We call the part between the feed roller and the delivery roller a processing section.
2 Sizes and shapes of interlacer
Size of interlacer and cross-sectional shapes and sizes of yarn duct are shown in Fig. 2 . The distance between two yarn guides is 25.4 mm; length of yarn duct is 14.7 mm; diameter of air jet nozzle is 1.4 mm. The air jet nozzle is positioned at the bottom of yarn duct. In Fig. 2 (b) the notation C1 represents an interlacer with a circular yarn duct cross-section. The notations E1, E2 and E3 are interlacers with an elliptical yarn duct cross-section. T1 and T2 have a triangular yarn duct and S1 has a square one. We chose these interlacers because yarn ducts of C1, E1, E2 and E3 have round shape and the others have cornered shape.
When the compressed air was not issued, the yarn was positioned at the half height of the cross-section of yarn duct on the symmetric plane including the axes of the yarn duct and the air jet nozzle.
3 Experimental conditions
Experiments were carried out under the following conditions: supplied air pressure p was regulated from 0.1 to 0.5 MPa with a step of 0.1 MPa; yarn speed v was changed from 200 to 800 m/min with a step of 200 m/min; feed ratio F was changed from 1 to 5 % with a step of 1 %. Initial yarn tension was fixed at 4.41 mN/tex.
4 Interlaced yarn testing
For each interlaced yarn sample processed in a combination of experimental conditions of p, v and F, three specimens were taken from different parts of the interlaced yarn package. Length of each specimen was 2 m measured at a tension of 2.97 mN/tex.
Tangling and opening parts in the interlaced yarn were distinguished by eye and confirmed with a needle in a tensionless state. The number of tangles N * was defined as the tangling number in the interlaced yarn per meter. After measuring N * , the same specimen was used to measure Nr * , which represents the residual number of tangling parts in the interlaced yarn after the action of a load of 132 mN/tex for 3 min [8] . respectively. And S more than 95 % is judged to be too large and S less than 75 %, small. (a) Size
Results and discussions
1 Production range of seven interlacers
Production range of the seven interlacers for various supplied air pressures p, yarn speeds v and feed ratios F is shown in Table 1 . It is not easy for T1 and S1 interlacers to produce interlaced yarn at high v. As for F, there are proper values of F. Although the production range becomes wide in other interlacers, we can see the tendency that interlaced yarn is not produced at small p.
When F = 1 %, compressed air can not change positions of the filaments in the yarn duct and open the filaments apart fully because tension of the yarn existing in the processing section is high. Opening the filaments is necessary for tangling parts forming. When both v and F are higher, yarn will gather in the processing section because of over feed. With interlacing process going on at low p, such as p = 0.1 through 0.2 MPa, the yarn cannot be hold tightly enough by compressed air and will be wound around feed roller.
Production performance of E2 and T2 are better whereas S1 is the worst among these seven interlacers.
2 Effects of processing parameters on the
properties of interlaced yarn Table 1 Production range of seven interlacers. With increasing p, filaments can be opened fully and N becomes higher. However, compressed air with too higher p will make filaments stay near the top of yarn duct and N decreases [9] . For S1, the cornered shape blocks filament motion at lower p, and then N is smaller. Figure 4 shows the relation between N and v at p = 0.3 MPa and F = 2 %. N decreases monotonously with an increase in v. When yarn speed is higher, the time for filaments to be subjected to the compressed air becomes short and filaments are more difficult to open and tangle with each other. Higher F means lower yarn tension in the processing section and filaments are more easily opened by compressed air. However, increasing F to improve N is not advisable because the opening parts of the interlaced yarn produced at F = 5 % have big loops as shown in Fig. 6 , which is pictures of the interlaced yarn produced with E2 at p = 0. Figure 7 shows the relation between S and p at v = 200 m/min and F = 2 %, and the standard deviation Ssd. The standard deviation Ssd indicates a degree of dispersion of S. Figure 8 shows the relation between S and v at p = 0.3 MPa and F = 2 %. Figure 9 shows the relation between S and F at p = 0.3 MPa and v = 200 m/min. Most of the Ssd is less than 5 % although S sd is not shown in Figs. 8 and 9 . Hence, the testing results are acceptable. However, Ssd of S1 are close to 9 %, which means the quality of the interlaced yarn produced by S1 is not good.
Effects of processing parameters on the number of tangles
Effects of processing parameters on the strength of tangles
3 Comparison in performance among C1, E1, E2 and E3
C1, E1, E2 and E3 are the interlacers whose yarn ducts are ellipse. For the convenience of discussion the circle is regarded as a special ellipse.
From Figs. 3(a), 4(a) and 5(a), we can see that E2 can produce an interlaced yarn with highest N among those four interlacers and E3 produces the smallest. Figure 10 shows the motion of compressed air in the yarn duct. An air jet issuing from the air jet nozzle will move upwards, run to the top of yarn duct and the air will flow along the wall of the yarn duct then form two vortices. The yarn moves owing to the airflow and frequently receives a high-speed air jet in the vicinity of the axis of the air jet nozzle and a low-speed airflow in the side regions far from the axis of the air jet nozzle by turns, and hence the filaments subjected to the air jet will open and tangle with each other.
The yarn duct width of E1 is so long that yarn will stay in the side regions far from the direct air jet and filaments will not much open and tangle. On the contrary, the yarn duct width of E3 is narrow and close to the diameter of air jet nozzle so that yarn will be always subjected to the direct air jet and filaments will not open freely and do not much tangle, especially at lower yarn tension. lowest S. Since the yarn duct width of E3 is narrow, filaments will be always subjected to the direct air jet and tangle with each other tightly. Since the yarn duct of E1 is so oblate that filaments will be intermittently subjected to the direct air jet and stay in the side regions of the yarn duct, that is, filament motion will not be smooth, entanglement is tight. Since the yarn duct of C1 can make the filaments move smoothly, the relative velocity between air and filaments and the force acting on the filaments will be small. Hence, S is low.
4 Comparison in performance among T1, T2 and S1
T1, T2 and S1 are another kind of interlacers whose yarn ducts have cornered shape. Since airflow stagnates at the corner, yarn cannot move smoothly and freely in the yarn duct and will stay there for a long time.
From Figs. 3(b) , 4(b) and 5(b), T2 can produce an interlaced yarn with higher N than T1 and S1. The yarn in T1 will stay at the top corner in the yarn duct owing to a high-speed air jet. The yarn in S1 will be easy to be blown into and stay at the bottom corner. Therefore, N of T1 and S1 is smaller. On the contrary, as for T2 with an inversetriangular shape, the direction of airflow is downward after the air jet hits on the top of the yarn duct, the yarn cannot stay at the top corners for a long time. At the bottom corner, the airflow is so fast that the yarn cannot stay either. The yarn motion will be smooth and free in comparison with T1 and S1.
From Figs. 7(b), 8(b) and 9(b), T1 can produce an interlaced yarn with the highest S. Because of the top corner, where the yarn is subjected to the direct air jet from the air jet nozzle for a long time, S is high. Since the yarn in S1 will stay at the bottom corners where airflow speed is slow, S is small.
5 Comparison in performance between E2 and T2
E2 and T2 have better performance of interlacing process. Figure 11 shows the comparison in N between E2 and T2 at v = 200, 400 and 600 m/min and F = 2 %. E2 can produce an interlaced yarn with a little higher N than T2. This will be because the yarn motion in the round yarn duct of E2 is more active than that in the cornered one. Another reason is as follows. From the position of air jet nozzle, transverse length of yarn duct of E2 is longer than that of T2 in most positions of the ordinate as shown in Fig. 12 . Larger space for filaments opening and tangling with each other is better for tangling parts forming. Figure 13 shows the comparison in S between E2 and T2 at v = 200, 400 and 600 m/min and F = 2 %. T2 can produce an interlaced yarn with higher S than E2. This is because a yarn in T2 will stay at the corners in the yarn duct for a longer time and be subjected to a relatively high-speed airflow. On the other hand, since the yarn duct of E2 has round shape, the yarn can move more smoothly in the yarn duct and the relative velocity between air and yarn will be smaller. Hence, the force acting on the filaments is smaller and then S is relatively small. 
Conclusions
Seven interlacers with different cross-sectional shapes of yarn duct were used in this research to investigate the effects of cross-sectional shape of yarn duct on the properties of interlaced yarn. The performance of the seven interlacers was judged by the number and strength of tangles. The reasons of the difference in the performance were discussed from the motion of compressed air and filaments inside the yarn duct. Results obtained in this experiment are as follows:
(1) The oblate ellipse E2 and the inverse-triangle T2 as shown in Fig. 2(b) produce an interlaced yarn with larger number of tangles and higher strength of tangles, and have the best performance among the seven interlacers. (2) It seems that in the round yarn duct compared with the cornered yarn duct, motions of air and yarn are smoother and the yarn receives more frequently a high-speed air jet and a low-speed airflow in the side regions far from the axis of the air jet nozzle by turns and hence the yarn is easier to open and tangle with each other and N is larger. However, since the yarn motion in the round yarn duct will be too smooth, the relative velocity between air and yarn and the force acting on the filaments will be small and then S is relatively small. (3) On the contrary, in the cornered yarn duct, airflow stagnates at the corner and yarn also stays there for a long time. Hence, N is small. In the triangle T1 in which highspeed air jet collides the yarn, S is high. In the square S1 in which the yarn stays in a low-speed airflow, S is low. (4) In the narrow ellipse E3 as well as the triangle T1, the yarn will be confined to the narrow space near the top wall against the air jet nozzle and always subjected to a highspeed direct air jet, and then S is high. (5) As for the very oblate ellipse E1, N is comparatively small because the yarn will stay in the side regions far from the axis of the air jet nozzle for a long time though N is much larger than that of S1. In the future, we will investigate yarn motion in the yarn duct of these seven interlacers.
